The efficiency of gene transfer into human hematopoietic stem cells by oncoretroviral vectors is too low for effective gene therapy of most hematologic diseases. Retroviral vectors based on the nonpathogenic foamy viruses (FV) are an alternative gene-transfer system. In this study, human umbilical cord blood CD34 ؉ cells were transduced with FV vectors by a single 10-h exposure to vector stocks and then injected into sublethally irradiated nonobese diabetic-severe combined immunodeficiency (NOD͞SCID) mice. At 5-7 weeks after transplantation, high transgene expression rates were observed in engrafted human hematopoietic cells, including over 60% of clonogenic progenitors. Significant transgene silencing did not occur. We developed an approach for expanding human cell populations derived from transplanted mice to show that multiple SCID repopulating cells (SRCs) had been transduced, including some that were capable of both lymphoid and myeloid differentiation. These findings demonstrate for the first time that human pluripotent (lympho-myeloid) hematopoietic stem cells repopulate NOD͞SCID mice and can be efficiently transduced by FV vectors. S pumaviruses or foamy viruses (FV) are nonpathogenic retroviruses with a wide tissue tropism commonly found in mammals (1, 2), although humans are not a natural reservoir of infection (3, 4), and there is no evidence of human-to-human transfer (5, 6). FV vectors transduce nondividing cells more efficiently than oncoretroviral vectors, are not inactivated by human serum, and have a large packaging capacity (7). We previously developed methods for the production of high titer, helper-free FV vectors (8) and found that they could efficiently transduce murine hematopoietic stem cells (HSCs) (9). However, the high HSC transduction rates obtained in mice by other vector types have not been reproduced in primates, prompting us to test FV vectors in human cells.
S
pumaviruses or foamy viruses (FV) are nonpathogenic retroviruses with a wide tissue tropism commonly found in mammals (1, 2) , although humans are not a natural reservoir of infection (3, 4) , and there is no evidence of human-to-human transfer (5, 6) . FV vectors transduce nondividing cells more efficiently than oncoretroviral vectors, are not inactivated by human serum, and have a large packaging capacity (7) . We previously developed methods for the production of high titer, helper-free FV vectors (8) and found that they could efficiently transduce murine hematopoietic stem cells (HSCs) (9) . However, the high HSC transduction rates obtained in mice by other vector types have not been reproduced in primates, prompting us to test FV vectors in human cells.
One model currently used to study human hematopoiesis is xenotransplantation of immunodeficient nonobese diabeticsevere combined immunodeficiency (NOD͞SCID) mice (10, 11) . These mice support multilineage human hematopoiesis for several weeks, and the low transduction rates of SCID repopulating cells (SRCs) by oncoretroviral vectors indicate that it is an excellent preclinical gene therapy model of human repopulating cells (12) . SRCs have proliferative capacities, repopulation kinetics, and cell-surface phenotypes that suggest they are true HSCs (12) (13) (14) ; however, multipotential differentiation has not been demonstrated conclusively by analysis of vector integration patterns in lineage-specific progeny cells. Here, we show that FV vectors efficiently transduce SRCs, and that clonal lymphomyeloid repopulation occurs with marked cells as expected for transduced pluripotent HSCs.
Materials and Methods
Hematopoietic Cell Culture and Transductions. Human CD34 ϩ cells were isolated from umbilical cord blood under an Institutional Review Board-approved protocol by using a CD34 ϩ cell isolation kit as per the manufacturer's instructions (Miltenyi Biotec, Auburn, CA). Transductions were performed for 10 h in CH296-coated (5 g͞cm 2 , Takara Shuzo, Otsu, Japan) 6-well plates with 0.75-1.5 ϫ 10 6 cells per well in 1.5 ml of concentrated FV vector stock resuspended in DMEM supplemented with 20% (vol͞vol) FBS (HyClone), 100 ng͞ml flt-3 ligand (FL), and 100 ng͞ml stem-cell factor (SCF). After transductions, colony assays were performed in methylcellulose (Methocult H4230; StemCell Technologies, Vancouver) supplemented with 50 ng͞ml SCF, 10 ng͞ml granulocyte-macrophage colony stimulating factor, 10 ng͞ml IL-3, and 2 units͞ml erythropoietin. Colonies were scored on a fluorescent microscope 12-14 days later. Pretransplantation marking rates also were determined by flow cytometry of cells grown for 5 days in DMEM with 20% (vol͞vol) FBS, 100 ng͞ml FL, 100 ng͞ml SCF, 20 ng͞ml IL-3, and 20 ng͞ml IL-6.
Bone marrow was harvested from the femurs, tibias, and iliac crests of mice at 5-7 weeks after transplantation, and nucleated cells were isolated by lysing red blood cells. Colony assays were performed as described above on human CD34 ϩ -sorted cells from transplanted mice.
To generate B cell lines, CD19 ϩ ͞green fluorescent proteinpositive (GFP ϩ )-sorted cells from transplanted mice were cultured at a concentration of 1-3 ϫ 10 5 cells per ml in lymphoid growth medium [Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 20% (vol͞vol) heat-inactivated (56°C for 30 min) human serum (HS)͞100 ng/ml FL͞20 ng/ml IL-3͞20 ng/ml IL-7] for 7-9 days. Cultures then were divided into 150-l aliquots in 96-well plates, 50 l of B95-8 conditioned media [containing Epstein-Barr virus (EBV) and generated from B95-8 cells, as described (15) , except that IMDM with 20% (vol͞vol) FBS was used] was added to each well, and cytokines were replenished. When media began to acidify, volumes were doubled by the addition of lymphoid growth medium, and cultures were transferred into progressively larger wells. Once cultures were established in 6-well plates, their growth was usually cytokine-independent, and they were maintained in IMDM supplemented with 20% (vol͞vol) FBS. cells per ml in IMDM supplemented with 10% (vol͞vol) human serum͞50 ng/ml SCF͞50 ng/ml FL͞20 ng/ml MGDF͞10 ng/ml IL-6, as described (16) .
All media contained 100 units per ml penicillin G, 100 g͞ml streptomycin, and 1.25 g͞ml amphotericin B. All cytokines were recombinant human.
Vector Stock Production. FV vector stocks were produced by calcium phosphate cotransfection of 293T cells with packaging This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: FV, foamy viruses; NOD͞SCID, nonobese diabetic-severe combined immunodeficiency; SRC, SCID repopulating cell; HSC, hematopoietic stem cells; SCF, stem-cell factor; GFP, green fluorescent protein.
plasmid pCGPES and vector plasmid pCGPMscvF and concentrated as described (8, 9, 17) . Neither construct encodes the essential FV transactivator Bel1, so replication-competent retrovirus cannot arise during vector production, as previously demonstrated by marker rescue assay (8) . Titers were determined by infection of 293T cells with dilutions of vector stock and flow cytometry quantification of GFP expression 72 h later. DNA Studies. Genomic DNA was isolated with a DNA isolation kit D-5000 (Gentra Systems) as per the manufacturer's instructions, and Southern blots were performed on NsiI-and BclIdigested samples by using standard techniques (18) . Vector copy numbers were quantified by PhosphorImager analysis (Molecular Dynamics) and corrected for DNA-loading differences by reprobing blots with a 1.1-kb fragment of the COL1A1 gene. Specific integration site probes were generated by PCR (primers and conditions available on request) of genomic regions flanking mapped vector integration sites. For inverse PCR assays, 1 g of B cell line DNA was digested with HhaI, MspI, or NlaIII, extracted with phenol͞chloroform, and circularized in a volume of 200 l with 400 units of T4 DNA Ligase (New England Biolabs) overnight at 14°C. Samples were ethanol precipitated and resuspended in 20 l of TE buffer (10 mM Tris͞1 mM EDTA, pH 8.0). Nla III-digested samples were further digested with HindIII and then heat inactivated at 65°C for 20 min before PCR. Nested PCRs were performed on each ligated sample by using Ex-TaqDNA polymerase (Takara Shuzo). The first round was performed with the primers 5Ј-GGGTGATTGCAAT-GCTTTCT-3Ј and 5Ј-TGTCTCTCATCCCAGGTACG-3Ј under the following conditions: 94°C ϫ 3 min for 1 cycle; 94°C ϫ 1 min, 56°C ϫ 1 min, and 72°C ϫ 2 min for 25 cycles; 72°C ϫ 5 min for 1 cycle. For the second round, PCR products were further amplified for 35 cycles by using either primer set 5Ј-GGGAGATATCTAGTGATATAAGTGTG-3Ј and 5Ј-GTC-CATAAGCTTCCATAGCTG-3Ј under the same conditions as above, or with primer set 5Ј-AAACCGACTTGATTC-GAGAACC-3Ј and 5Ј-ATGAGGAGCAGGAGTATTTGGG-3Ј and an annealing temperature of 60°C. PCR products were sequenced and results were analyzed by using the BLAT sequence search tool (http:͞͞genome.ucsc.edu͞) to query the April, 2001 freeze of the human genome database.
Results

Transgene Expression in SRCs.
In four independent experiments, we transduced human umbilical cord blood CD34 (Table 1) . Engraftment and multilineage marking rates were determined by flow cytometry and progenitor colony assays of bone marrow cells at 5-7 weeks after transplantation ( Fig. 2 A and B) . In the first experiment, a frozen vector stock was thawed before use, and marking rates were comparatively low. In experiments 2-4, fresh vector stocks were used, and a mean GFP expression rate of 58% was seen in engrafted human hematopoietic cells (CD45 To study vector integration patterns, we expanded both myeloid and lymphoid cells isolated from transplanted mice. Myeloid cells were obtained by sorting CD34
ϩ ͞GFP ϩ or CD34 ϩ ͞GFP Ϫ human cell populations from harvested marrow, and then culturing them in the presence of FL, megakaryocyte growth and development factor, SCF, and IL-6. After 2-4 weeks, total cell numbers increased 10-100 fold, and the surviving cells expressed CD33, demonstrating selective expansion of a myeloid population under these conditions, as described ( Fig. 3A; ref. 16 ). Transduced human B-lymphoid cells were obtained by sorting CD19 ϩ ͞GFP ϩ cells from harvested marrow, and culturing them in the presence of IL-7, IL-3, and SCF for 7-9 days. The cells then were split into multiple wells and infected with EBV. Over a 1-3 month period, immortalized cell clones eventually grew in many of the infected wells. These CD19 ϩ cell lines also expressed B cell markers CD20 and CD23 (Fig. 3B) .
Myeloid cell populations and a total of 25 distinct B cell lines were derived from six transplanted mice (2 to 12 B cell lines per mouse). Proviral integration patterns were determined by Southern blot analysis (Fig. 4 A and B) , and the polyclonal myeloid Fig. 1 . Foamy virus vector. The structure of the integrated FV vector CGPM scvF is shown. Although gag and pol genes are present, they are not expressed because of lack of the bel-1 transactivator gene (8) . GFP reporter gene transcription is driven by the internal murine stem-cell virus (M) promoter (44) . Locations of restriction sites and probe fragments (P1 and P2) used in this study are indicated. populations contained multiple integration sites as expected. Most B cell lines also contained multiple proviruses and, based on the distribution of hybridizing band intensities, appeared to be oligoclonal, with the majority of contributing clones containing more than one provirus. However, 8 of 25 B cell lines could be definitively identified as clonal, either because they contained a single provirus or because the pattern seen on Southern blots was present in more than one cell line, such as cell lines 1 and 3 from mouse 3D, each containing the same six proviruses (Fig.  4A ). In the case of mouse 4B, we estimated that the 12 B cell lines generated were derived from 23 different clones containing 1-6 proviruses each, based on groupings of bands with similar intensities on Southern blots ( Fig. 4B and data not shown). The presence of multiple integrated proviruses in B cell clones demonstrates the high transduction efficiency of FV vectors. By probing for an internal restriction fragment of the FV vector genome, we found that the expanded GFP ϩ myeloid cells from mice 4B and 4C contained an average of 3.8 and 2.2 proviruses per cell, respectively (Fig. 4C) . Expanded GFP Ϫ myeloid cells from the same mice had average copy numbers Transduction of Lympho-Myeloid Repopulating Cells. We compared integration patterns in lymphoid B cell lines and expanded myeloid cells to determine if a cell capable of differentiating down both lineages had been transduced. Based on a comparison of junction fragments on Southern blots, no common lymphoid and myeloid patterns were detected in three of the six mice studied. In the other three animals, 6 of 18 immortalized B cell lines had integration patterns after both BclI and NsiI digestion that potentially matched those seen in expanded myeloid cells (Fig. 4 and data not shown) . However, the large number of bands in the myeloid DNA samples made it difficult to determine whether these were the result of common vector integrations. Therefore, these six B cell lines were further characterized by inverse PCR and sequencing of flanking genomic DNA. We were able to amplify and sequence 12 junction fragments from these six cell lines; we identified their chromosomal locations by alignment with the public human genome database ( Table 2) . The distribution seemed random with respect to chromosomal location and transcriptional activity, in contrast to a previous murine cell study describing preferential FV integration in highly expressed genes (19) . In one case, both junction fragments from a single provirus were sequenced (Integration 4, Table 2 ), and a 4-bp repeat of genomic sequence was found at the integration site, as expected for integrase-mediated foamy virus integration events (19, 20) . Based on the genomic sequence at the mapped integration sites, we were able to predict the sizes of FV-hybridizing restriction fragments produced by digestion with BclI and NsiI. In each of the six B cell lines studied, we identified an integration site that produced a hybridizing band of similar size to one seen in the corresponding myeloid cell population. Flanking genomic DNA from each of these junctions was amplified by PCR and used as a probe to identify common junction fragments in lymphoid and myeloid cells. In two of six cases (Integrations 3 and 4, Table 2 ), a hybridizing fragment of the expected size was present both in DNA from the B cell line containing that junction and in DNA from expanded myeloid cells derived from the same mouse (Fig. 5) . The bands were lighter in myeloid cell DNA, as expected for these polyclonal populations. In the remaining four cases, genomic probes identified the expected junction fragments only in the B cell line from which they were mapped, and not in the corresponding myeloid cell populations.
Discussion
A fundamental challenge in the gene therapy of hematologic diseases is to improve stem-cell gene transfer rates. Primate HSCs are quiescent and not efficiently transduced by oncoretroviral vectors, which require mitosis for nuclear entry (21) and pseudotyping with nonecotropic envelope proteins that may limit transduction (22) . Lentiviral vectors can transduce some (Fig. 1) . B cell lines 1 and 3 have identical patterns, indicating that they represent the same clonal population. (B) Southern blots of genomic DNA from expanded human myeloid cells (M) and 12 B cell lines isolated from mouse 4B. Junction fragments (Fig. 5) found to be present in both lymphoid and myeloid populations are indicated by asterisks. (C) Determination of vector copy number in expanded human GFP ϩ and GFP Ϫ myeloid cells from mice 4B, 4C, and 4D. BclI-digested DNA was hybridized to probe P2 (Fig. 1), identifying a 3 .5-kb internal fragment in all integrated proviruses. Dilution standards are mixtures of DNA from diploid human fibroblasts containing a single FV vector provirus with DNA from normal human lymphocytes. Copy numbers (proviruses͞diploid genome) determined by PhosphoImager quantitation are indicated below each sample. Correction for DNA loading was based on reprobing the same blot with a fragment of the human COL1A1 gene. If an EST is closer to the mapped integration site than the nearest known gene, then both are listed.
nondividing cells (23) (24) (25) , and a number of groups have demonstrated the ability of these vectors to efficiently transduce SRCs (26) (27) (28) . However, the enthusiasm generated by these results is tempered by safety concerns. Our prior results with murine HSCs (9) and the results with human cells reported here suggest that vectors based on nonpathogenic FVs are a promising alternative for HSC gene transfer. We found that FV vectors efficiently transduced human SRCs with typical marking rates of over 50% in engrafted human hematopoietic cells. These transduction rates are similar to the best SRC marking results obtained with lentiviral vectors, and the mois needed were lower than those typically used for VSV-pseudotyped lentiviral vectors (26, 28) . Importantly, the transduction conditions involved minimal (10 h) ex vivo manipulations that should allow cells to remain in G 0 ͞G 1 and preserve their repopulating ability (29) (30) (31) , there was high transgene expression without significant silencing, and in some cases, we could demonstrate the transduction of pluripotent human HSCs with both lymphoid and myeloid potential.
FV vectors may have performed well in these studies because they are able to transduce quiescent cells more efficiently than oncoretroviral vectors (7, 32) . This finding could be related to several properties of FVs, including nuclear entry of viral genomes in G 1 ͞S phase-arrested cells (33) , completion of cDNA synthesis during particle production rather than after infection (34, 35) , or persistence of preintegration complexes in nondividing cells until cell proliferation resumes (7) . High receptor levels on HSCs also could have promoted efficient transduction, because the currently unidentified cellular receptor(s) for FV seems to be expressed in all mammalian cell types studied to date, including primary hematopoietic cells (1, 9, 36) .
The SRC is commonly used as a surrogate for human HSCs in studies of phenotyping, ex vivo expansion, and gene transfer. Based on the number of distinct, transduced B cell lines we generated from individual mice, the percent of transduced SRCs, and the number of transplanted human cells, we calculate that the frequency of SRCs was 1 per 8,000-45,000 cord blood CD34 ϩ cells, a number that is consistent with previous reports (13, 16, 37, 38) . Limiting dilution studies and Southern blot analysis of unfractionated human cells in NOD͞SCID mice suggest that the SRC is a pluripotent HSC (37, 39, 40) . Our study provides the first multilineage marking evidence that at least some engrafted lymphoid and myeloid progeny were derived from the same transplanted SRC. In a prior study employing immunodeficient beige͞nude͞Xid mice, Nolta et al. (41) used inverse PCR and junction-site sequencing of expanded T-cell and myeloid clones to demonstrate oncoretroviral vector transduction of human pluripotent HSCs in a small percentage of the junctions analyzed. Because technical limitations preclude the identification of clones that are poorly represented in either hematopoietic lineage, both Nolta's study and ours underestimate the true frequency of common junctions. However, these approaches provide definitive evidence that mouse xenotransplantation models can assay human pluripotent HSCs. The NOD͞SCID model has been more widely used in recent years because of higher engraftment levels that do not depend on supplementation with human cytokines.
Although pluripotent SRCs clearly exist, it should not be assumed that all human hematopoiesis in immunodeficient mice derives from them. There is growing evidence that primitive lineage-restricted cells can engraft and contribute to hematopoiesis (42, 43) . In the case of the NOD͞SCID model, there is a skewing of human hematopoiesis toward B lymphoid growth, which may represent repopulation by lymphoid-restricted SRCs, as supported by some of our integration-site findings. All 10 immortalized B cell lines from mouse 4D contained the same clone of cells, and in 8 of these lines, this clone was the only one present (see Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org). Despite this concentration of B-lymphopoiesis from a single SRC, the same clone could not be demonstrated in the myeloid population. Table 2) is shown with predicted pre-and postintegration structures of the chromosome 21 insertion site, including BclI (B) and NsiI (N) restriction sites and fragment sizes, genomic (GP1) and FV (P1) probe locations, and the LTR-flanked GFP gene present in the vector provirus. A Southern blot of BclI-digested genomic DNA from expanded myeloid cells (M) and four B cell lines from the same mouse probed with GP1 identifies the 13.1-kb fragment of preintegration loci in all samples, and the 6.3-kb fragment due to FV integration in myeloid cells and B cell line 3 from which it was mapped. (B) A similar analysis of integration site 3 at chromosome 6 is shown, probed with GP2. The 12.9-and 2.7-kb BclI fragments predicted to hybridize to FV probe P1 at integration sites 4 and 3, respectively, can be seen in Fig. 3B (clones 3 and 1 Our approach for generating FV-transduced, immortalized B cell lines from transplanted mice is an innovation that can be used to study SRC biology, providing information on common integration sites, SRC frequencies, and provirus copy numbers in individual SRCs. Similar studies of FV-marked SRCs transplanted at limiting dilutions or followed over time may help determine the relative frequencies of lineage-committed vs. pluripotent SRCs in different cell populations and improve our understanding of human hematopoiesis. Combining the SRC assay with integration site analysis also can provide definitive evidence for human HSC transduction, which is difficult to demonstrate experimentally without performing a clinical trial. Future transplantation experiments in large animal models will help determine the therapeutic potential of FV vectors.
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